Simulated solar radiation and natural sunlight can enhance polycyclic aromatic hydrocarbon (PAH) toxicity, previously reported in terms of inhibited production of Lemna gibba leaves and diminished growth of Brassica napus seedling roots. This work has been extended to examine the photoinduced impact of PAHs on the foliar regions of terrestrial plants. To carry out these experiments two crop species, B. napus (canola) and Cucumbis sativus (cucumber), were chosen to test the photoinduced toxicity of six PAHs (anthracene, phenanthrene, benzo(a)anthracene, benzo(a)pyrene, flouranthene, and pyrene). Aqueous solutions containing PAHs were sprayed on the foliage of the plants. It was found that all the PAHs tested had negative impacts on the foliage of the plants and the concentrations that induced toxicity were consistent with those observed for inhibition of growth of L. gibba. The impacts were observed as diminished biomass accumulation, induction of chlorosis, and inhibition of photosynthesis. It may be concluded from this work that PAHs in rain and surface waters could be harmful to photosynthetic tissues of terrestrial plants.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs), compounds consisting of two or more fused benzene rings, are an environmentally ubiquitous group of contaminants (Suess, 1976; Cook et al., 1983; Nikolaou et al., 1984) . The primary sources of PAHs are anthropogenic, predominantly from the refining and combustion of fossil fuels (Neff, 1979; Basu and Saxena, 1978; Eadie, 1984; Morselli and Zappoli, 1988) . PAH toxicity can be activated by either biotic (cytochrome P450-mediated monooxygenation) or abiotic (photochemical) means (Yang et al., 1976; Neff, 1979; Katz et al., 1979; Zepp and Schlotzhauer, 1979; Nikolaou et al., 1984; Shimada and Nakamura, 1987; Harvey et al., 1988; Huang et al., 1991 Huang et al., , 1993 . In the case of photochemical activation, the compounds are more reactive and hazardous following photon absorbance (Nikolaou et al., 1984; Newsted and Giesy, 1987; Oris and Giesy, 1987; Schoeny et al., 1988; Huang et al., 1993) . By virtue of their extensive -orbitals, PAHs absorb strongly in the ultraviolet-A (UV-A; 320-400 nm) and ultraviolet-B (UV-B; 290-320 nm) regions of the solar spectrum (Suess, 1976; Cook et al., 1983; Nikolaou et al., 1984; Huang et al., 1993) . Once excited by actinic radiation, PAHs are good photosensitizers, forming biologically damaging singlet-state oxygen in high yield (Morgan et al., 1977) . Additionally, actinic radiation results in the photomodification of PAHs (Katz et al., 1979; Zepp and Schlotzhauer, 1979) , defined here as photooxidation and/or photolysis, which increases toxicity McConkey et al., 1996) .
In previous research, it was demonstrated that both simulated solar radiation (SSR) and sunlight significantly enhanced the toxicity of PAHs to the aquatic higher plant Lemna gibba (duckweed) Ren et al., 1994) . Furthermore, it was found that PAHs inhibit root growth of Brassica napus during early seedling development . Much of the phytotoxicity of PAHs can be attributed to the complex mixture of PAH photooxidation products formed by exposure of the chemicals to SSR during toxicity testing.
The effects of PAHs on the foliar regions of terrestrial plants have not been explored. Since plant leaves depend directly on radiant energy for photosynthesis, they are clearly at risk from photoactivated contaminants. Further, plant foliage may be exposed to PAHs in precipitation (Edwards, 1983) , which can contain high concentrations of PAHs (Lunde and Bjorseth, 1977; Neff, 1979) . The effects of PAHs on leaves were examined by using two important terrestrial crop plants, B. napus (canola) and Cucumbis sativus (cucumber), which have been previously used in toxicity testing (Wang, 1991; ASTM, 1994) . They were exposed to six representative PAHs: anthracene (ANT), benzo(a)anthracene (BAA), benzo(a)pyrene (BAP), flouranthene (FLA), phenanthrene (PHE), and pyrene (PYR). The leaves of the plants were sprayed with intact and photomodified PAHs and toxicity was assessed in terms of shoot and root fresh weight, chlorophyll content, frequency of chlorotic lesions, and photosynthetic activity.
MATERIALS AND METHODS
B. napus L. cv. Topas and C. sativus (Ontario Seed Company, Waterloo, ON) were sown in soil (Sunshine Mix, Fiscons Inc., Mississauga, ON, Canada) in 6-inch pots. Each pot contained 6 cucumber plants or 30 canola plants. Prior to and during toxicity testing, plants were watered every other day with tapwater. The growth was carried out at 24°C under 200 mol m −2 sec −1 of SSR with a 16-hr light:8-hr dark cycle (ASTM, 1995) . The SSR source contained eight daylight highoutput fluorescent lamps (Duro-Test Canada Inc., Rexdale, ON, Canada), two 350-nm fluorescent lamps (F20 T12, Score Systems, Kitchener, ON, Canada), and four 300-nm fluorescent lamps (FS20, National Biological Inc., Twinsburg, OH). The light was filtered through a layer of 0.08-mm cellulose diacetate film, which absorbed all of the ultraviolet-C (200-290 nm). The spectral output of the SSR source had a visible light:UV-A:UV-B ratio of 100:10:1 based on the number of photons (Fig. 1) , which approximates sunlight with respect to the relative amount of radiation in these three spectral regions (ASTM, 1995) . Fluence rates and spectral output of the light sources were measured with a spectroradiometer (Oriel Corporation, Stratford, CT).
The PAHs, in both intact and photomodified forms, were applied to the plants by foliar deposition using a hand-held mister (Fisher Scientific Ltd., Mississauga, ON, Canada). This was initiated after the plants had germinated and emerged from the soil, 4 and 6 days after sowing for canola and cucumber, respectively. They were sprayed two, four, or eight times daily with PAH solutions for 7 days (canola) or 7 and 20 days (cucumber). The treatment solutions were sprayed onto leaves until the entire leaf was saturated, 2 to 4 ml per pot depending on leaf area. Treatment solutions of ANT, BAP, BAA, FLA, PHE, and PYR (Sigma Chemical Co., St. Louis, MO) were prepared by dissolving the PAHs in dimethyl sulfoxide (DMSO) to concentrations of 2, 4, or 8 g liter −1 and diluting with double distilled water to achieve final concentrations of 2, 4, or 8 mg liter −1 . Although these chemical doses are high relative to other work (Oris and Giesy, 1987; Newstead and Giesy, 1987) , PAH concentrations bound to particulate matter in rain water can be as high as 4.0 mg liter −1 (Neff, 1979) . Unlike exposure to rain, which could be continuous for hours, fairly small volumes were applied to the plants, a single layer of water on the leaf per application. Furthermore, for L. gibba leaf production and B. napus root elongation, these concentrations are in the log-linear phase of the toxicity doseresponse curves Ren et al., 1996) . The accuracy of PAH delivery was checked spectrophotometrically after chloroform extraction of the treatment solutions . Since PAHs have low solubility in water (Pearlman et al., 1984) , delivery with DMSO was necessary to achieve concentrations that caused acute effects. A 0.1% DMSO solution applied four or eight times daily did not affect the chlorophyll content of the shoots, or the fresh weight of the shoots (defined as the total plant tissue above the ground) and roots (defined as the total plant tissue below ground level) of the plants (Fig. 2) . The tolerance of plants to DMSO was consistent with previous results achieved with L. gibba and B. napus (Greenberg et al., 1992; Huang et al., 1993; Ren et al., 1994 Ren et al., , 1996 . The 0.1% DMSO solution was applied to all control plants. Each experiment was repeated independently three times, with three pots per independent repeat, for a total of nine replicates unless otherwise noted.
To photomodify PAHs, intact ANT, BAP, and BAA were delivered to double distilled water to a final concentration of 8 mg liter −1 from an 8-g liter −1 DMSO stock solution. The ANT, BAA, and BAP solutions were incubated in 20 mol m −2 sec −1 of UV-B radiation for 3, 5, and 7 days, respectively, which was sufficient to photomodify more than 90% of the starting material . The extent of photomodification was monitored spectrophotometrically using an absorbance 
FIG. 2.
Effects of DMSO on cucumber viability in SSR. Cucumber plants were germinated in a growth chamber at 24°C under 200 mol m −2 sec −1 SSR with a 16-hr:8-hr day:night cycle. After emerging from the soil (6 days after planting), the plants were sprayed with 0.1% DMSO in water (v/v) 4 or 8 times daily for 20 days. The mean (SEM; n ‫ס‬ 9) fresh weights of shoots (the biomass above the ground) and roots (the biomass under the ground), as well as the mean shoot chlorophyll content, are given. band specific to the intact chemicals Ren et al., 1994) . Photomodification of these PAHs results in a complex mixture of, as yet, unidentified compounds. Therefore, toxicity assays were carried out on the basis of the concentrations of intact chemicals present prior to incubation in UV-B . To check for the possible side effects of phototreated DMSO on the plants, DMSO in water at 0.1% (v/v) was also treated with UV-B for 3, 5, or 7 days and used as control spray medium in the corresponding toxicity experiments; plants were not affected by the phototreated DMSO, water solutions (data not provided).
At the end of a toxicity test, the fresh weights of the leaves (measured in pairs), the shoots (the biomass above the ground), and the roots (the biomass under the ground) were quantified with an analytical balance. Chlorophyll content in the leaves was determined on a fresh weight basis (Greenberg et al., 1992) . Leaf disks were isolated from representative leaves on the plants, weighed (approximately 50 mg was used), and placed in 5 ml of dimethylformamide. They were incubated in the dark at 4°C for 24 hr; chlorophyll content was assayed spectrophotometrically. The number of lesions was recorded by visual inspection of the entire cotyledon; all chlorotic spots greater than 2 mm in diameter were counted. The significance of treatment effect on shoot weight, root weight, and chlorophyll content was analyzed using Fisher's least significant difference test (Systat, Evanston, IL). Data sets were considered significantly different when P ഛ 0.05.
Photosynthesis was assessed as photosystem II (PSII) activity by the kinetics of in vivo chlorophyll a (Chl a ) fluorescence induction (Lichtenthaler and Rinderle, 1988; Krause and Weis, 1991; Gensemer et al., 1995) . Excitation of darkadapted photosynthetic tissue results in a characteristic Chl a fluorescence induction curve (Fig. 3) . Upon excitation the fluorescence rises within 1 msec to a minimal level termed F o . This is the fluorescence level attained when the primary quinone acceptor in PSII, Q A , is maximally oxidized. After F o is reached, the fluorescence rises slowly to a maximal (peak) level, F m , at which point Q A is maximally reduced. The difference in fluorescence between F o and F m is referred to as variable fluorescence, F v (‫ס‬F m − F o ). The half-time for the rise in fluorescence from F o to F m is termed t 1 /2 . The F v /F m ratio is proportional to the maximum quantum yield of PSII, while t 1 /2 is a measure of the integrity of electron transport downstream from Q A (Krause and Weis, 1991) . For instance, if PSII is damaged, F v /F m will be diminished, while damage to electron transport between PSII and PSI will decrease t 1 /2 .
ANT and BAP at 8 mg liter −1 were applied to canola by foliar deposition four times in a 24-hr period. The plants were then assayed for fluorescence at 2 hr (after the first chemical application) and at 24 hr (12 hr after the fourth chemical application). Prior to the assay plants were placed in darkness for 15 min and a whole leaf was removed from the plants, and Chl a fluorescence induction (kinetic changes in fluorescence) was measured with a time-resolved spectrofluorometer (Photon Technology Inc., London, ON, Canada). Excitation was set at 435 nm (70 mmol m −2 sec −1 ) with fluorescence detection at , were applied to the foliar region of cucumber plants 4 times daily for 20 days. Values for shoot and root fresh weight, as well as for chlorophyll content, are given as mean (SEM) % of control (n ‫ס‬ 9). With two exceptions (*), the parameters for the treated groups were all significantly diminished relative to controls (P ഛ 0.05). Also, within rows for each parameter, values which do not share a common superscript are significantly different from each other. Vertical comparisons (between chemicals) are reported in the text. 
RESULTS
To determine the effect of concentration on toxicity, PAHs at 2, 4, or 8 mg liter −1 in water were applied to cucumber plants four times daily for 20 days (Table 1 ). The order of toxic impact at 8 mg liter −1 , based on shoot fresh weight, was BAP ‫ס‬ ANT > BAA ‫ס‬ FLA > PYR ‫ס‬ PHE (P ഛ 0.05). The shoot weight of the plants exposed to 2 mg liter −1 of ANT was 75% of the control, while at 8 mg liter −1 it was only 40% of control. For BAP at 2 mg liter −1 , the shoot fresh weight was 55% of the control and only 35% of the control at 8 mg liter −1 . In general, the increases in toxicity with increasing PAH concentration were significant (P ഛ 0.05). The tested chemicals were chronically toxic to cucumber and the effects increased with dose. Root fresh weight and chlorophyll content of the plants also declined with increasing concentrations of the PAHs (Table 1) , in a fashion roughly similar to the impacts on shoot biomass.
Since the effective dose of a contaminant can be altered by changing the frequency of application while holding the chemical concentration constant, the PAHs (at 8 mg liter −1 ) were applied two, four, or eight times daily to cucumber plants for 20 days. Toxicity increased significantly (P ഛ 0.05) as the number of daily applications increased (Table 2 ). This is clearly seen with ANT; shoot weight decreased from 50.6 to 31.7% as the application frequency increased from two to eight times daily. Only PHE did not indicate increasing toxicity with increasing exposure. The order of toxic impact at the highest application frequency was BAP ‫ס‬ ANT ‫ס‬ FLA > BAA ‫ס‬ PYR > PHE (P ഛ 0.05). Toxicity was once again reflected in diminished chlorophyll content of the plants. The impact of the chemicals on the roots was evident as well, although to a lesser extent than those on the leaves.
To determine if the toxic effects of PAHs on cucumber plants could be detected prior to 20 days, 7-day toxicity tests were completed. Plants were sprayed twice daily with ANT, BAP, and FLA at 8 mg liter −1 for 7 or 20 days (Table 3 ). It was found that the effects of the PAHs on the plants were comparable between the 7-and 20-day tests on the basis of shoot fresh weight. It was also possible to differentiate the impact of the chemicals on different tissues of the plants. BAP strongly depressed leaf growth and development most effectively on the newly emerging leaves (Table 3) , while ANT and FLA had similar effects on leaves of all ages. The toxicity of PAHs was also reflected in the number of chlorotic lesions induced in the plants, with BAP producing more lesions than ANT and FLA. Interestingly, lesions only occurred in the cotyledons.
B. napus (canola) was also chosen to determine if the leaves Note. PAHs were applied at 8 mg liter −1 to the foliar region of cucumber plants 2, 4, or 8 times per day for 20 days. Values for shoot and root fresh weight, as well as for chlorophyll content, are given as mean (SEM) % of control (n ‫ס‬ 9). With two exceptions (*), the parameters for the treated groups were all significantly diminished relative to controls (P ഛ 0.05). Also, within rows for each parameter, values which do not share a common superscript are significantly different from each other. Vertical comparisons (between chemicals) are reported in the text. Note. PAHs at 8 mg liter −1 were applied twice daily to the foliar region of cucumber plants for 7 or 20 days. Shoot fresh weight (biomass above ground) and fresh weight of leaf pairs are presented as percentage of control. The numbers of chlorotic lesions in the cotyledons were counted. SEM in parentheses; n ‫ס‬ 9.
PHOTOINDUCED TOXICITY OF PAH TO B. napus
of another terrestrial plant species were sensitive to PAHs in the presence of SSR (Table 4 ). The plants were sprayed twice daily for 7 days with PAHs at 8 mg liter −1 . The relative order of toxicity was BAP > ANT ‫ס‬ BAA ‫ס‬ FLA > PYR ‫ס‬ PHE (P ഛ 0.05) for B. napus which was similar to that of cucumber. More importantly, the absolute levels of toxicity, as measured by fresh weight accumulation, were very close for both plant species (Tables 2, 3 , and 4).
It has been reported that the toxicity of PAHs to L. gibba increases following photomodification of the chemicals (Greenberg et al., 1992; Huang et al., 1993 Huang et al., , 1995 Ren et al., 1994 Ren et al., , 1996 . To determine if photomodified PAHs have a toxic effect on canola, ANT, BAA, and BAP were photomodified under UV-B radiation for 3, 5, and 7 days, respectively. The mixtures of photomodification products derived from ANT, BAA, and BAP were applied to the leaves twice daily for 7 days. For ANT and BAA, the fresh weight of the treated plants was 65% of that of the control plants; for BAP, it was 55% of that of the controls (Table 5 ). The inhibition of fresh weight accumulation by the photomodified chemicals was similar to that of the intact chemicals. However, unlike the intact compounds, photomodified chemicals did not cause chlorosis.
The photosynthetic apparatus in plants is often damaged by chemical insult (Ashton and Crafts, 1973; Moreland, 1980; Girotti, 1990; Gensemer et al., 1995) . Induction of Chl a fluorescence from PSII in canola was used to detect if photosynthesis was inhibited by PAHs. Changes in the level of PSII activity, as measured by Chl a fluorescence induction, were readily observed after only 2 hr of chemical treatment ( Fig. 4 ; Table 6 ); t 1 /2 and F m were depressed for both intact ANT and intact BAP. At 24 hr the toxic effects were even more pronounced, with t 1 /2 and F m lower than those after the 2-hr treatment. As well, after 24 hr of chemical exposure, F v /F m was also markedly diminished for ANT. Thus, the effects of PAHs on the photosynthetic apparatus were indicative of the effects on growth and were detectable after very short periods of exposure.
DISCUSSION
PAHs are potentially hazardous to terrestrial plants. Toxicity was expressed as diminished biomass accumulation, chlorosis, presence of chlorotic lesions, and inhibition of photosynthesis. The levels of chemical required for toxicity were similar to those previously observed for L. gibba and B. napus roots (Greenberg et al., 1992; Huang et al., 1993 Huang et al., , 1995 Ren et al., 1994 Ren et al., , 1996 . Toxicity increased with the frequency of application of the chemicals, but was not as strongly dependent on the concentration of PAHs in the water used to spray the plants. Using whole-plant endpoints, the effects on shoot biomass and chlorophyll content were the most dramatic. Finally, it was demonstrated that the effects of ANT and BAP could be de- Note. PAHs at 8 mg liter −1 were applied twice daily for 7 days. Shoot fresh weight and chlorophyll content are presented as percentage of control. SEM in parentheses; n ‫ס‬ 9. Note. BAP, ANT, and BAA were photomodified for 7, 3, and 5 days, respectively. Photomodified PAHs at 8 mg liter −1 (based on the concentration of intact PAH) were applied twice daily for 7 days. Shoot fresh weight and chlorophyll content are presented as percentage of control. SEM in parentheses; n ‫ס‬ 7 to 9.
TABLE 5 Toxicity of Photomodified PAHs to Canola in SSR

FIG. 4.
Chl a fluorescence induction of canola treated with PAHs. ANT and BAP at 8 mg liter −1 were applied to canola by foliar deposition 4 times in 24 hr at 4-hr intervals. Plants were kept in darkness for 15 min before fluorescence induction was carried out as described in Fig. 3 . The fluorescence induction curves represent the average of three independent tests. tected by Chl a fluorescence induction (PSII activity) after short chemical exposure.
Because exposure was via foliar deposition, the leaves sustained the highest exposure to the chemicals and were clearly the most affected regions of the plants; leaf biomass accumulation and chlorophyll content were more sensitive measures than root biomass accumulation. The lower impact on roots could be due to two distinct processes. Inside the plant PAHs undergo limited transport (Edwards, 1983; McElroy et al., 1989 . This is consistent with the fact that PAHs partition into membranes and will stay in the cells into which they are first assimilated. Nonetheless, effects on root biomass accumulation were observed. The effects could be due to diminished photosynthesis in leaves (Fig. 4) , and consequently lower export of photosynthetic products (e.g., carbohydrate) to the roots.
The effects of PAHs on different parts of the plant were chemical specific. BAP, which is known to be highly toxic following photomodification, but a weak photosensitizer in intact form , exhibited strong inhibitory effects on new leaf development (Table 3 ). This may indicate that the photoproducts of BAP can depress both cell division and cell expansion, lowering the biomass of the plants. Conversely, FLA, a good photosensitizer, is photomodified very slowly ; its toxic effects may be due to membrane damage arising from photosensitized lipid oxidation (Foote, 1991; Girotti, 1990) . The effects of FLA were nearly equal on all parts of the plants (Table 3) , indicating possible movement of FLA throughout the plant or a dramatic effect on the export of photosynthetic products.
The impacts of PAHs on terrestrial plants (Tuominen et al., 1988) may be observed as chlorotic lesions, wilting, and diminished yield in the field. This will only occur, however, if the concentrations of chemicals are very high. Where chemical concentrations are lower, PAHs can still be hazardous to plants if exposure is frequent or for a long time period. The results of this study demonstrate that toxicity of PAHs increased dramatically with increasing application frequency. For instance, the reduction of biomass accumulation by BAA increased from 25 to 60% as the applications were increased from two to eight times daily. This implies that persistent exposure of plants to lower PAH concentrations can be as hazardous as a single exposure to a higher concentration. In many cases, the chemicals are in persistently low concentrations in the environment and the effects on whole plants will be chronic and subtle.
The stress of chronic low PAH doses will possibly weaken the plants, leading to diminished resistance to other stresses such as disease, drought, and insects. Moreover, if the chemicals are accumulated by crop plants, they will be passed along the food chain, eventually reaching humans. It has also been previously demonstrated that PAHs in environmentally relevant concentrations are hazardous to the aquatic higher plant L. gibba in the presence of actinic radiation (Greenberg et al., 1992; Huang et al., 1993 Huang et al., , 1995 Ren et al., 1994) . The concentrations used here (2 to 8 mg liter −1 ) were environmentally relevant to the PAH concentrations found in rainwater and ground water runoffs near industrial areas (Neff, 1979; Cook et al., 1983; Edwards, 1983) . Although PAHs are usually bound to particular matter in rain drops, some bioaccumulation of PAHs into leaves will occur during a rainfall and from dewdrops. For instance, it has been demonstrated that PAHs can be readily transferred from bound phases to lipid bilayers including thylakoid (photosynthetic) membranes (Duxbury, McConkey, Dixon, Greenberg, manuscript in preparation) .
If the plants are bioaccumulating low doses of a contaminant for extended periods, chronic toxicity might be detectable at a physiological or biochemical level. The photosynthetic membrane is known to be sensitive to many organic contaminants (Girotti, 1990; Gensemer et al., 1995) and it is known that PAHs partition into membranes. Indeed, the Chl a fluorescence induction kinetics of the leaves of plants treated with ANT (2 hr) and BAP (2 and 24 hr) were altered in both t 1 /2 and F m , while F v /F m was nearly the same as that in the control: this means that it took a shorter time (shorter t 1 /2 ) to fully reduce Q A in PSII (Lichtenthaler and Rinderle, 1988) . Since F v /F m was unaltered, the fraction of functioning PSII reaction centers remained approximately constant (Bolhar-Nordenkampf and Oquist, 1993) . However, the lower F m implies that fewer PSIIs were present per unit area of leaf tissue. The short t 1 /2 with control F v /F m levels implies that the PSIIs present were still functioning normally, but electron transport after PSII was inhibited by the PAHs, consistent with other reports (Karukstis et al., 1988 (Karukstis et al., , 1990 ). In the case of a 24-hr treatment with ANT, F v /F m as well as F m and t 1 /2 was depressed. The fluorescence Note. ANT and BAP at 8 mg liter −1 were applied to the foliar region of canola 4 times in 24 hr (at 0, 6, 12, and 18 hr). Plants were assayed for Chl a after 2 and 24 hr of the first application. Data represent the average of three independent tests. SEM in parentheses.
induction curve was also much flatter than that of the control after 24 hr in the presence of ANT (Fig. 4) . This implies that the PSI was also inhibited, resulting in diminished NADPH synthesis for the Calvin cycle. Clearly, PSII fluorescence is an excellent endpoint for observing PAH stress at the physiological level. It has an advantage for field application; if t 1 /2 , F m , or F v /F m is depressed relative to a reference site, it is possible that there has been an impact. However, because it is a relatively new technique in the field of toxicology, further research is needed to establish potential applications, interpretations, and the true biochemical basis of this endpoint.
It has been found that natural sunlight was very effective at promoting the toxicity of PAHs to L. gibba (Huang et al., 1995) . Because of the relatively high concentrations of PAHs in the environment and the impacts that high irradiation can have on the chemicals, it is likely that terrestrial plants are at risk from photoinduced toxicity of PAHs. Furthermore, since PAHs are photooxidized rapidly in air and water, and the water solubilities of the photomodified chemicals are higher than those of the intact compounds, it is likely that the total PAH concentration in ground and rainwater (intact and photomodified) would be higher than current estimates. Thus, the risks that these photomodified chemicals pose to plants are much greater because both toxicity and bioavailability increase following photomodification.
CONCLUSION
To examine the photoinduced toxicity of PAHs and the effects of photomodified PAHs on terrestrial plants, aqueous solutions containing six different PAHs and three photomodified PAHs were applied to leaves of B. napus and C. sativus. It was found that all the PAHs and photomodified PAHs tested were chronically toxic to these plants with levels of toxicity comparable to those observed for L. gibba. The general effects of toxicity were observed as diminished biomass accumulation, induction of chlorosis, and inhibition of photosynthesis. Individually the different PAHs had distinct morphological impacts on specific parts of the plants. Subcellularly the chronic effects of PAHs to plants can be detected by changes of chlorophyll fluorescence induction by monitoring the indicative parameters: F m , F v /F m , and t 1 /2 . These physiological changes are detected earlier than the morphological changes noted, after just 2 hr of chemical exposure versus 1 week exposure for whole-plant endpoints. Nonetheless, both physiological and morphological changes were manifested by deposition of the chemicals on the foliar region of the plant. This demonstrates that PAHs in rain and surface waters could be a hazard to terrestrial plants. If this is so, then photoinduced toxicity of PAHs will be a widespread, chronic phenomenon in both aquatic and terrestrial environments.
